The increasingly demand on secondary batteries with higher specific energy densities requires the replacement of the actual electrode materials. With a very high theoretical capacity (4200 mAh g 1 ) at low voltage, silicon is presented as a very interesting potential candidate as negative electrode for lithium-ion microbatteries. For the first time, the electrochemical lithium alloying/de-alloying process is proven to occur, respectively, at 0. 
Introduction
The current commercial lithium-ion secondary batteries are the most widely used because of their higher energy density, their higher operating voltages and their lower self-discharge [1, 2] . They are based on an anode made of graphitic carbon or other carbonaceous materials that present on the one hand the advantage to be cheap and on the other hand interesting electrochemical properties such as a low and flat working voltage and a good cycleability. However, the maximal insertion of one lithium ion for six carbon atoms leads to a theoretical capacity limited to 372 mAh g 1 , which is relatively low. In order to satisfy to the increasingly demand for new compact and modern portable electronic devices, both the active materials in the cathode and the anode should be replaced by new materials.
Concerning the anodic materials, metals, metalloids and semiconductors such as Sn, Al, Sb and Si which can make alloys with lithium, are attractive alternatives to graphite due to their low cost and high storage energy density. Theoretical specific capacities more than ten times higher than with carbon can be obtained. However, the structural changes and a large volume expansion associated with lithium insertion, which can rise to more than 300% (whereas it is below 10% for LiC 6 ) [3] , limit the ability of . these materials to cycle with high efficiency. Indeed, successive charge-discharge cycles lead to mechanical stresses in the electrode and finally to the destruction of its structural integrity and to the consequent loss of electronic particle to particle contact [4] [5] [6] .
Among the above materials, silicon has the highest specific capacity since it is capable to form compounds which can insert up to 4.2 lithium per silicon. Its theoretical capacity is as high as 4200 mAh g 1 [7] [8] [9] . Moreover, the electrochemical curves obtained during the insertion/deinsertion of lithium into/from silicon are roughly flat as it is with graphite and in a low voltage range 0.4/0.02 V, that makes Si very attractive [10] [11] [12] . Li alloying in crystalline Si is known to induce the formation of new intermetallic phases leading to inhomogeneous volume expansions in the two-phase regions and then to cracking and pulverization of the material [13, 14] . As a consequence of this cracking, there is a loss of inter-particles electrical contact inducing a significant capacity decline. Therefore, the loss of electric contact is still a crucial hurdle that must be overcome in order to improve the cycleability during further alloying/de-alloying reactions. Different ways have been tested to solve the problem of cycle life by coating the surface of Si with various conducting materials [15] [16] [17] , by modifying the substrate surface properties with adapted treatments to improve the adhesion of the Si film [18, 19] or by using for instance composite electrodes in which secondary components (carbon, copper, tin, etc.) are added to obtain mechanical stability, to enhance the electronic conduction or to improve the ionic or atomic transport [14, [20] [21] [22] [23] .
Another trend for improving the cycle life of Si consists in using amorphous Si. Indeed in amorphous alloys the volume expansion on Li insertion is reported to be homogeneous without pulverization like in the crystalline material [13, 14] . This view is not supported by all the authors [24] but recent studies have demonstrated that the amorphous Si thin film electrodes showed improved electrochemical performance [12, 19, [25] [26] [27] [28] [29] [30] . As far as applications are concerned, these films are too thin (<500 nm) to provide sufficient capacity and the way to expand the film thickness without sacrificing cycleability and specific capacity constitutes an important issue. Only a few recent encouraging data are available for thick films. The best results are found for films, in the range 1-5 J.Lm thick, deposited on Cu by vacuum deposition [19] or chemical vapour deposition [29, 30] , and by electron-beam deposition [31] . Capacities available with those thicker films and included in the realm 1200-1500 mAh g 1 can be stabilized over 100-200 cycles while stability for larger capacities does not exceed ten to a few tenths of cycles [32] . In fact, to date, no research group has definitively established that the theoretical capacity can be stabilized over a large number of cycles.
A new approach consists in using a three-dimensional architecture which allows combining the accommodation of the large volume changes expected for Li insertion in crystalline silicon with a continuous and efficient electrical contact between Si particles. Porous silicon electrodes have been considered and tested in this way [33, 34] . In the same frame of mind, Si nanowires as an emerging structure, offers advantages of large surface to ratio volume, efficient electron conducting pathways, shorter diffusion pathways for lithium and facile strain relaxation, what let us believe that silicon nanowires (SiNWs) could be a potential candidate to optimize the electrochemical performance of the Si negative electrode and to replace carbonaceous materials. Si nanowires (SiNWs) are a new class of materials currently studied within the context of molecular electronics. Typically, the diameter of such nanowires range between a few nm and few hundreds of nanometers. As they exhibit excellent electrical characteristics, nanowire-based transistors could replace classical CMOS devices in the near future [35] .
To date and to the best of our knowledge, no paper deals with electrochemical characteristics of SiNWs as anodic material for a Li-ion battery. Actually, only the structural changes of this nanostructured material have already been investigated (for doping and contacting purposes) by high-resolution electron microscopy at different lithium alloying/de-alloying levels controlled by an electrochemical method [36] .
In this work we demonstrate for the first time the feasibility of using Si nanowires as negative electrode for Li-ion batteries, which opens up a new field of research for the development of the microbatteries.
Experimental
SiNWs are synthesized by chemical vapour deposition (CVD) according to the vapour-liquid-solid (VLS) growth mechanism which has been extensively studied ~40 years ago by Wagner [37] for the growth of whiskers. This mechanism can be explained with rapidly reached, where the flux of Si atoms incorporated at the surface of the liquid alloy is balanced by the flux of Si atoms precipitating at the liquid-solid interface. As the liquid surface behaves as an ideally rough surface, the sticking coefficient of the gaseous SiH 4 molecules is close to 1, resulting in a highly anisotropic growth that explains the whisker shape obtained (Fig. 1c) . The Au-Si liquid drop rises on top of the crystal and appears spherical in shape due to surface tension effects. The feasibility of Si nanowire growth by the VLS mechanism has been demonstrated recently using gold clusters [38] .
The substrates used in this study were commercial stainless steel (316 L) foils of 50 J.Lm thickness. Prior to CVD growth of SiNWs, 50 nm of Ti as an adhesive layer and 100 nm of TiN as a conductive diffusion barrier were deposited on the substrates, followed by a 10 nm-thick Au film, using a magnetron sputtering system. The substrates were then loaded in a CVD furnace and heated under vacuum (base pressure less than 10 5 mbar) above the Au-Si eutectic melting temperature (in this study, we used three different temperatures, namely 525, 550 and 575 • C). During this treatment, the Au thin film transforms into clusters of various sizes, in order to reduce the superficial/interfacial energy with TiN. Then, SiH 4 diluted at 5% in hydrogen (H 2 ) is injected in the furnace for 15 min at a total flow of 100 sccm and total pressure of 15 mbar. Electrochemical studies were carried out in a two-electrode ® the help of Fig. 1 . A Si bearing gas (e.g. SiH 4 ) is allowed to flow over cell (Swagelok type). This cell was prepared inside a dry box by catalyst clusters (e.g. Au) deposited on a chemically inert substrate which is heated above the catalyst-Si eutectic melting temperature. Some SiH 4 molecules decompose by pyrolysis and some of the released Si atoms adsorb on the catalyst dots and alloy with the surface atoms. As more Si is brought to the catalyst surface, the alloy composition evolves towards the eutectic composition. Melting starts to occur (Fig. 1a) , rapidly consuming the whole catalyst dot. Continued feed of Si makes the alloy composition evolve towards saturation, inducing Si precipitation. An equilibrium is placing a clean lithium metal disk (7 mm diam.), a glass fiber separator soaked with the electrolyte solution, and the cathode film (0.28 cm 2 ) into a Teflon container with two stainless steel terminals. The electrolyte used was 1 mol L A SEM image of the thin SiNWs grown at 550
• C is displayed in Fig. 2 . It can be seen that SiNWs with diameters up to 300 nm are uniformly obtained on the surface of the TiN-covered substrate.
The small Au droplets used as catalyst for the growth of Si wires and whose size mainly controls their diameter are still present and they can be observed at the top of the nanowires. The Raman spectrum of the as-deposited SiNWs is shown in Fig. 3 . A well defined and symmetric peak at 520.1 cm 1 corresponding to the first order Raman line for crystalline silicon is observed which ascertains very well crystallized SiNWs are prepared [39] . Before testing the SiNWs as active electrode material against Li alloying, we have evaluated the possible electrochemical contribution of the Au droplets still present at the top of the silicon wires after synthesis. Indeed even when only a little is known on the electrochemical properties of Li-Au alloys at room temperature, the Au electrode has been recently proved to accommodate Li in the 0.02-0.5 V potential range with a poor reversibility [40, 41] . The discharge-charge curves obtained for a 50 nm thick gold film are shown in Fig. 4 . Two voltage plateaus corresponding to the Li alloying process into two different phases are observed at 0.2 and 0.1 V while Li removal from the alloy takes place in two steps at 0.18 and 0.4 V in good agreement with Refs. [40, 41] . The poor efficiency of the charge process is clearly evidenced since only 50% of the faradaic yield involved in the alloying reaction is recovered at constant current. According to recent galvanostatic studies [44, 45] , the 0.15 V voltage plateau observed in Fig. 5 could correspond to the lithiation of crystalline Si leading to an amorphous a-Li x Si phase. At the end of the discharge, i.e. for Q > 700 mC (Fig. 5) , the crystalline Li 13 Si 4 phase could be formed as suggested by a very recent study performed on crystalline silicon powder [46] . The delithiation reaction mainly results in a voltage plateau at 0.45 V corresponding to the formation of silicon. From the second cycle, two reduction steps are observed at 0.25 and 0.1 V, whereas the oxidation keeps the same profile as during the first cycle. As a conclusion, these preliminary electrochemical data are in a good agreement with those known for the reversible Li alloying/dealloying reaction in crystalline silicon [44] [45] [46] . In other respects, it can be pointed out that the two small reduction and oxidation steps at, respectively, 0.2 and 0.16 V probably reveal the contribution of the Li-Au system resulting from the Au droplets at the top of the nanowires. Nevertheless, our previous experiments performed on Au films show that this contribution cannot exceed 40 mC at the best, i.e. ~10% of the capacity (inset in Fig. 4) .
Without taking into account the loss of capacity ascribed to the SEI formation, the inset in Fig. 5 demonstrates that a satisfactory capacity retention can be achieved with SiNWs since 400 mC are still available after 20 cycles. The electrochemical behaviour of the sample synthesized at 550
• C is quite the same as the sample described above except the significantly higher capacity (1750 mC) achieved in the same voltage range (Fig. 6 ). This could be related to an increase of the SiNWs growth rate at higher temperature leading to a greater amount of deposited Si. A slow decline of the faradaic yield with cycles is observed but more than 750 mC are still available after 20 cycles. The capacity value can still be increased as shown by the electrochemical behaviour of a sample with SiNWs grown at 575
• C (Fig. 7) . Indeed, without taking into account irreversible capacity in the first cycle (same order of magnitude whatever the temperature of growth of SiNWs), a capacity as high as 3200 mC, i.e. around 3000 J.LAh cm 2 is reached with a satisfactory efficiency of the charge process. Such an attractive electrochemical behaviour makes it possible to use SiNWs in secondary Li microbatteries based on thin film metal oxides as positive electrodes and characterized, for thick films, by capacities of about 250-300 J.LAh cm 2 at best.
The quasi-linear relationship between capacity and SiNWs synthesis temperature indicates a possible control of the effective Si surface deposit during the growth process and suggests that an optimization of the capacity is possible. The influence of several parameters like the length and the diameter of the SiNWs, the density of the deposit and their crystallinity must be considered in details, making possible a future application of SiNWs as negative electrode for rechargeable Li-ion batteries. Moreover, a study of the modifications of the SiNWs structural morphology during both lithiation and delithiation is required in order to reveal possible damages in the 3D architecture consequently to the successive insertion/deinsertion of lithium which could be responsible of the decrease of the capacity. The SEM micrography of fully lithiated SiNWs obtained by stopping the electrochemical cycle after a full discharge, i.e. at 0.02 V, is presented in Fig. 8 and compared to the micrography of the starting material (inset). As expected, statically, wires seem to be larger in diameter when they are lithiated. A further complete study in under progress to determine the size distribution of the SiNWs and the average diameter, for different amounts of lithium inserted in the wires during both the discharge and the charge, for successive cycles.
Conclusion
In this paper, we have reported the first electrochemical results on the use of SiNWs as negative electrode for rechargeable lithium microbatteries. Until now and to the best of our knowledge, such results have never been reported in the literature. We have shown that SiNWs constitute a new possibility for building a threedimensional negative electrode of great interest for rechargeable Li microbatteries. The SiNWs electrochemical behaviour resembles that known for crystalline silicon. It presents an attractive working potential (<0.5 V vs. Li + /Li) and large storage capacities (a few thousands of mC). Though the reversible Li alloying/dealloying is ensured right now on more than ten cycles with good charge-discharge efficiency, a significant decrease of the capacity takes place with further cycling. We have also shown that the available storage capacity strongly depends on the SiNWs growth temperature and increases with it. These preliminary and promising results call for a further insight into the Li alloying/de-alloying mechanism in order to investigate and to understand both the electrochemical and structural response of SiNWs vs. Li content, the discharge-charge rate, cycling.
